ABSTRACT. Easy-to-use 
he Mid-South is a major crop production region in the U.S. The dominant crops grown in this region include corn, soybean, rice, and cotton. Soils in the Mid-South U.S., especially in the Mississippi Delta, are rich in nutrients. Soil variability is high, even within a single field (Cox et al., 2006; Thomasson et al., 2001) , which results in differing storage capabilities and amounts of water available to crops. There is typically more than 100 cm of annual precipitation in the Mid-South, but the amount of rainfall in summer is often inadequate for high crop yields. Uncertainty in the amount and timing of precipitation is one of the most serious risks to producers, and the highly variable soil textural characteristics of the region require careful irrigation planning. In recent years, producers in the region have become increasingly reliant on supplemental irrigation to ensure adequate yields and reduce production risks. Increasing groundwater withdrawal is resulting in a decline in the levels of Mississippi River Valley alluvial aquifer. Improved irrigation technologies are needed to increase water use efficiency for sustainable use of water resources in this region.
Variable-rate irrigation (VRI) is a new irrigation method developed since the 1990s. VRI technologies allow producers to site-specifically apply irrigation water at variable rates within a field to account for the temporal and spatial variability of soil and plant characteristics. Adoption of VRI has the potential to improve water use efficiency. VRI technologies are normally implemented on center-pivot and linearmove sprinkler irrigation systems. Like other variable-rate application systems in precision agriculture, VRI systems usually use a GPS receiver to determine the spatial position of the irrigation equipment and an intelligent electronic device to control individual sprinklers or groups of sprinklers to deliver the desired amount irrigation water at each specific location within a field according to a VRI prescription. Currently, VRI systems, including software tools for generating prescription maps, are commercially available for VRI practices. However, algorithms and models are required to determine the amount of water that needs to be applied based on the temporal and spatial variability of soil and plant characteristics.
While irrigation scheduling can be based on indirect plant stress measurements using soil water sensing devices and soil water balance calculations, direct plant stress monitoring is another method that has potential application for irrigation scheduling. With this method, irrigation scheduling can be based on physiological measurements and responses of the plants rather than on measurements of soil water status (Jones, 2004) . Use of plant canopy temperature as an indicator of crop water stress is one of the plant-based methods for irrigation control. Thermal sensing technologies have been used as tools for water stress detection and irrigation scheduling (Jackson, 1986; Cohen et al., 2005; Evett et al., 1996; O'Shaughnessy and Evett, 2009 ). Portable infrared thermometers are capable of measuring small-scale canopy temperature with high spatial resolution, while thermal imagery is able to measure canopy temperature over large areas (Evans et al., 2000; Sadler et al., 2002; Bockhold et al., 2003; Sepulcre-Cantó et al., 2006) . Most of the research involving the use of canopy temperature for irrigation scheduling has been performed in arid areas. The low vapor-pressure deficits that are characteristic of humid regions are reflected in smaller changes in the canopy-air temperature difference between stressed and non-stressed crops. It is thus necessary to conduct additional studies to determine the applicability and develop new methods for irrigation management using canopy temperature in humid regions.
Plant height is one of the key parameters to be considered in crop management. Plant height or plant growth rate could be used as an indicator of plant health status and yield potential (Sui and Thomasson, 2006; Yin et al., 2011 Yin et al., , 2012 Sui, 2014) . With an understanding of the relationship between plant height and production-related inputs, plant height could be useful information for predicting water needed by the crop.
VRI is an information-based technology. Various types of data are required to develop management zones and write VRI prescriptions. Sensors and sensor networks are useful tools for measuring plant and soil characteristics and other relevant parameters for VRI. Usually, the sensing device is installed above the ground surface at a specific point in the field to make the measurements. One of the issues with the installation of sensing devices in the field is the potential damage to the devices by agricultural equipment during field management practices such as fertilizer and chemical applications. The sensing device needs to be removed from the field or lowered to the ground to avoid this damage, which causes inconvenience for users and interruption of the data collection. Furthermore, due to cost constraints, only a limited number of sensing devices can be deployed in a field, which restricts the capacity for collecting data. In VRI management, it is necessary to have a data acquisition system that is able to support multi-type sensors to wirelessly and automatically scan the plant canopy, make non-contact measurements of parameters at numerous points across the field, and provide real-time in situ information for generating management zones and VRI prescriptions. The objective of this research was to develop a center-pivot-mounted wireless data acquisition system. As the pivot moves around the field, the system wirelessly and automatically measures plant height and plant canopy temperature along with spatial coordinates in real time in situ for VRI.
MATERIALS AND METHODS

SYSTEM DESCRIPTION
A wireless data acquisition (WDAQ) system was built to perform real-time in situ measurements of plant height and plant canopy temperature for VRI. The WDAQ system was installed on a center-pivot irrigation system at the research farm of the USDA-ARS Crop Production Systems Research Unit at Stoneville, Mississippi (33° 26′ 30.86″ N, 90° 53′ 26.60″ W). The system consisted of two separate units. Each unit included an ultrasonic distance sensor, an infrared temperature sensor, a data logger, a global position system (GPS) receiver, a spread-spectrum radio, and a solar power supply. Table 1 lists the details of the main parts of the WDAQ system. The ultrasonic distance sensor was used to measure plant height. The infrared temperature sensor detected plant canopy temperature. The GPS receiver was used to determine the locations of the plant height and canopy temperature measurements. The WDAQ system was able to take simultaneous measurements of plant height, canopy temperature, and spatial coordinates of the measurement locations as the center pivot moved around the field. Data on the plant height and canopy temperature collected at each measurement point were wirelessly transmitted through the spread-spectrum radios and could be downloaded to a computer. The ultrasonic distance sensor (TSPC-30S1-232, Senix, Hinesburg, Vt.) used to determine plant height was positioned on the pivot above the plant canopy. This sensor measured the distance between the sensor and the plant canopy. The plant height was calculated by subtracting the measured distance (D 2 ) from the known distance between the ground surface and the sensor (D 1 ) ( fig. 1 ). The infrared temperature sensor (SI-111, Apogee Instruments, Logan, Utah) measured plant canopy temperature by converting the thermal energy radiated from the canopy in its field of view (FOV) to an electrical signal. The output of the infrared temperature sensor was directly wired to one input of the data logger.
SYSTEM INSTALLATION
The WDAQ system was installed on a four-span centerpivot VRI system with a lateral length of 233 m. One unit (WDAQ-1) was installed in the middle of the third span, 140 m from the pivot, and the other unit (WDAQ-2) was installed in the middle of the fourth span, 199 m from the pivot ( figs. 2 and 3) . A triangular aluminum plate was mounted on the pivot's frame. The data logger box, GPS receiver, and solar panel were mounted on the aluminum plate. Square steel tubing was vertically fixed on the pivot's frame, and two mounting brackets were installed on the tubing. The ultrasonic distance sensor was placed on one mounting bracket, and the infrared temperature sensor was mounted on the other bracket. Both sensors were installed facing down toward the plant canopy. The distance between the sensors and the canopy could be adjusted by moving the brackets up and down along the square tubing. In field operation, the ultrasonic distance sensor was kept at least 0.2 m above the plant canopy, while the infrared temperature sensor was about 0.3 m above the canopy. 
DATA ACQUISITION
The data logger (CR1000, Campbell Scientific, Logan, Utah) was used to collect data from the ultrasonic distance sensor, infrared temperature sensor, and GPS receiver. The data logger also connected with the RF401 spread-spectrum radio to allow wireless data transmission. The data logger had multiple ports for data input and output, including analog inputs, digital I/Os, and communication ports. The data logger, spread-spectrum radio, and rechargeable battery were housed in a weatherproof enclosure. The WDAQ system was powered using the SP10 solar panel. The ultrasonic distance sensor and GPS receiver were respectively connected to two RS-232 ports of the data logger, while the infrared temperature sensor was connected to a differential analog input. As the center pivot moved around the field, the data logger collected data from the ultrasonic distance sensor, the infrared temperature sensor, and the GPS receiver. The data logger was programmed to make one round of data collection from the sensors in each second. Because the center pivot moved at a very slow speed, we chose to store and report the average measurements of the sensors at 10 s intervals to avoid collecting a large amount of data that might not be necessary for VRI practices. However, the time interval of data collection could be easily changed in the WDAQ system. All data collected were recorded in the data logger and transmitted to the RF401 spread-spectrum radio through a communication port of the data logger. The two RF401 radios in the WDAQ system transmitted the data wirelessly to the RF430 spread-spectrum radio. The data were downloaded to a computer through the USB port on the RF430 radio with PC200W software.
SYSTEM TESTS
The system was tested statically and dynamically. In the static tests, the WDAQ system measured the heights of objects including paper boxes, soybean plants, and cotton plants when the pivot was not moving. Measurements from the ultrasonic distance sensor were compared with manually tape-measured distances to determine the system accuracy. In the static tests with paper boxes, boxes of different heights were placed under the ultrasonic distance sensor. The heights of the boxes were measured using the WDAQ system and manually using a tape measure. The tests with soybean and cotton plants were conducted on August 31, 2015, in the field under the pivot. In these tests, the pivot was stopped at multiple locations in the field for the WDAQ to measure the plant height at each location. At the same locations, the plant heights from the ground surface to the topmost unfurled leaf in its natural position were manually measured using a tape measure.
The dynamic tests were conducted in the field with corn, soybean, and cotton crops in the 2015 and 2016 seasons. Under the center-pivot irrigation system, corn was planted in the sector between 0° and 90°, soybean was planted between 90° and 180°, irrigated cotton was planted between 180° and 270°, and rainfed cotton was planted between 270° and 360° ( fig. 3) . Using the WDAQ system in 2015, the corn canopy was scanned for plant height and canopy temperature on June 11, which was 72 days after planting (DAP), and the soybean and cotton canopies were scanned on June 26, which was 50 and 42 DAP, respectively. In 2016, the corn, soybean, and cotton canopies were scanned at 55, 42, and 34 DAP, respectively.
In the dynamic tests, the ultrasonic sensors were set about 1 m higher than the canopy. The canopy temperature sensor was placed about 0.5 m above the canopy. Approximate 800 measurements were collected with each sensor in each 90° sector, which is equivalent to 0.28 m per measurement with WDAQ-1 and 0.39 m per measurement with WDAQ-2.
RESULTS AND DISCUSSION
The sensor-measured heights were compared with the manually tape-measured heights. Static test results of the box height measurements are shown in table 2. The WDAQmeasured heights were very close to the manually tapemeasured heights. The measurement error varied from 0.2 to 3 cm in a measurement range from 14 to 209 cm. shows the static test results of plant height measurements for soybean and cotton. For soybean plants, the average absolute measurement error was 5.8 cm in a measurement range from 99.1 to 121.9 cm. It is notable that all of the soybean plant heights, except one in location 4, were underestimated by the WDAQ system. For cotton plants, the average absolute measurement error was 3.1 cm in a measurement range from 66.0 to 104.1 cm. Figure 5 shows the linear relationship between plant heights measured by the WDAQ system and with the tape measure for soybean and cotton. The WDAQ measurements are strongly correlated with the manual measurements (r 2 = 0.97). The underestimation of soybean height by the WDAQ system could be attributed to misalignment between the ultrasonic sensor and the highest point of the measured plant. The ultrasonic sensor measured the distance from the sensor to the closest plant leaf in the canopy. If the closest leaf under the sensor's field of view was not the highest point of the plant, the plant height would be underestimated by the WDAQ system. When the tests were conducted, the soybean plants were at the R5 growth stage. The plant leaves started shedding, and the plant canopy was not closed well. This could have caused the sensor-measured distance between the sensor and the canopy (D 2 in fig. 1 ) to be greater than the actual distance; as a result, the sensor-measured plant height was less than the manually tape-measured plant height. However, the cotton canopy was well closed during the tests. In comparison to the soybean height measurements, the cotton heights measured by the WDAQ system were closer to the manually tape-measured values, and the measurement errors were distributed in a random pattern. Additionally, plant movement caused by wind could be another source of error in the WDAQ system measurements. The cotton plants moved less than the soybean plants.
The WDAQ system recorded about 3,200 measurement points from each sensor in one pivot circle (360°). Figures 6 and 7 are plant height and canopy temperature maps that were generated using the data collected by the WDAQ system. From the plant height maps, it is obvious the system was able to determine the variation in plant height among crops and within a crop. At the time when the crops were scanned, the corn crop was tallest, the cotton crop was shortest, and the soybean crop height was between corn and cotton. The differences in canopy temperature are clearly indicated in the canopy temperature maps. Taking the canopy temperature map in the soybean and cotton crops on June 26, 2015, as an example ( fig. 6b) , the canopy temperature of the irrigated cotton crop was lower than that of the non-irrigated crop, and the canopy temperature of the soybean crop was lower than that of irrigated cotton. Variabilities in canopy temperature within the rainfed cotton, irrigated cotton, and soybean crops are clearly shown in the map as well. The variabilities in plant height and canopy temperature within each crop were caused by multiple parameters, such as irrigation rate, fertilization rate, and soil properties. Analyses of plant height and canopy temperature for use in VRI and precision crop management will be reported in separate articles. This article focuses on the concept, design, prototype fabrication, and preliminary tests of the WDAQ system. VRI systems are commercially available. VRI practice requires VRI prescription maps that include the spatial coordinates of each management zone and the irrigation depth associated with each management zone. The VRI system delivers water to the management zones according to the prescription maps. A prescription map can be created using the software associated with the VRI system. However, to generate the prescription map, algorithms must be used to calculate the amount of water needed at each location in the field. Currently, a lack of these algorithms is the great challenge in VRI development. Multiple inputs, including soil properties, plant water stress, crop yield potential, field topography, and other relevant parameters, could be used to delineate management zones and determine the irrigation application rate. Previous studies showed that crop canopy temperature could be used to indicate plant water stress, and plant height was correlated with crop yield potential. Therefore, the canopy temperature and plant height data collected by the WDAQ system can be used as inputs to develop VRI algorithms or used directly as input parameters in an algorithm to generate VRI prescription maps. The data loggers used in the WDAQ system have more inputs available. By adding other types of sensors to the inputs, the WDAQ system can be easily expanded to measure more parameters in the field. For example, crop canopy spectral reflectance can be collected by adding spectral reflectance sensors. Soil moisture data from wireless soil moisture sensors installed in multiple locations in the field can be collected by adding a wireless module.
CONCLUSION
Variable-rate irrigation (VRI) needs decision support systems to determine water application depths at site-specific locations within a field. Plant characteristics such as crop canopy temperature and plant height could be used in diagnosing plant water stress and estimating plant water needs. A wireless data acquisition (WDAQ) system was developed to measure the plant height and crop canopy temperature. The WDAQ system consisted of ultrasonic distance sensors, infrared temperature sensors, GPS receivers, and wireless data radios. It was installed on a four-span center-pivot VRI system. Measurement error of the ultrasonic sensor was 0.2 to 3 cm in a measurement range from 14 to 209 cm, and the sensor-measured plant heights were strongly correlated with manually tape-measured plant heights of soybean and cotton crops (r 2 = 0.97). Field tests in two years showed that the WDAQ system was able to scan the plant canopy and record approximately 3,200 non-contact measurements from each sensor as the center pivot moved in a full circle around the field. The plant height and canopy temperature measurements, along with their spatial coordinates, were used to generate plant height and canopy temperature maps for VRI research.
The lack of effective methods to create VRI prescriptions using information from various sensors and the insufficiency of evidence to prove the advantages of VRI practice have hindered the development and adoption of VRI technologies. This WDAQ system uses a center-pivot VRI system as the platform for real-time in situ measurements of plant characteristics across different irrigation management zones within a field. The data collected by this system could be used to investigate plant responses to water stress and develop algorithms for VRI and irrigation automation. More field tests will be conducted to systematically evaluate the performance of this WDAQ system, and the system will be upgraded by adding more sensors to measure more plant characteristics, including plant canopy spectral reflectance.
